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Incorporation of the calcium chelator BAPTA into isolated. intact rat submandibular acini by hypotonic swelling, resulted in complete inhibition 
of carbamylcholine. noradrenaline and isoproterenol stimulation of mucin secretion. No effects of intracellular BAPTA on cell viability or 
b-adrenergic stimulation of cyclic AMP formation were observed. The data are the first fo demonstrate that calcium is necessary fora-adrencrgic 
stimulation of secretion and suaest that Ca:’ provides a common link in the triggering of exocytosis. 
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1. INTRODUCTION 
Mucin secretion from rat submandibular acinar cells 
is primarily mediated by the stimulation ofg-adrenergic 
receptors [l-3]. Increased cyclic AMP levels. leading to 
the activation of protein kinase A and phosphorylation 
of specific proteins [4] have been suggested as the trigger 
of exocytosis. However, incorporating excess cyclic 
AMP phosphodiesterase into intact cells. using a hypo- 
tonic swelling method [5], abolished the cyclic AMP rise 
elicited by a maximal concentration of isoproterenol, 
without affecting the stimulation of mucin secretion. It 
was suggested therefore. that mucin release is stimul- 
ated by a second messenger other than cyclic AMP. The 
role of Ca”’ is not clear: whereas P-agonist-stimulated 
mucin secretion was partially inhibited by the removal 
of cxtracellular Cal’+ and isoproterenol mobilized intra- 
cellular Ca” without increasing Ins( l,4.5)P3 formation 
[3.6]. ionophore A231 87, at non-lytic concentrations, 
increased the intracellular fret CaZ’ concentration in rat 
submandibular acini bud did not trigger mucin secrc- 
tion [7]. It is also not clear whether cholinergic agonists, 
which act via Ca”’ in stimulating enzyme secretion from 
pancreatic acinar cells [8], increase mucin secretion 
from submandibular acinar cells [ 1,2,9]. 
In order to directly invcstigatc the role of Ca” in the 
mucin secretion rcsponsc to physiological agonists, WC 
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have examined the effects, on cholinergic and B-adre- 
nergic stimulation of rnucin secretion, of introducing 
the calcium chelator BAPTA into intact rat submandi- 
bular acini by hypotonic swelling. 
2. EXPERIMENTAL 
Submandibular acini were isolated from overnight-fasted Wistar 
rats (250-280 g) as described previously [3]. BAPTA was incorporated 
into isolated acini as previously described [S]. Briefly, to acini suspen- 
ded in TES-buffered saline (IO mM TES, pH 7.4 containing 143 mM 
NaCI. 4.7 mM KCI. I. I mM MgCI,, I mg/ml BSA) was added an equal 
volume of tither IO mM TES. pH 7.4 (swollen) or TES-buffered saline 
(unswollen). each containing S mM ATP and IO mM BAPTA where 
indicated. for I min at room temperature, followed by washing and 
resuspension in KHB buffer (set [5]) containing 20 mglml BSA. 
Mucin secretion was measured as described previously [3,5], except 
that acini wcrc labcllcd with 5 ,fG/ml D-[ I -‘H]glucosamine-HCI (3.92 
Ci/mmol from Amersham). After exposure to hypotonic or isotonic 
medium followed by I5 min incubation at 37OC in KHB buffer. as 
dcscribcd above, acini were washed and incubated under experimental 
conditions at 37°C. “H-labcllcd mucins. released into the medium at 
zero time and after 30 min, were precipitated and their radioactivity 
measured as previously described [3.5]. Protein content of cell pellets 
was dctcrmined by the method of Lowry et al. [IO] and mucin rclcasc 
over 30 min cxprcssed as dpm/mg protein. Owing to the variation in 
unstimulatcd mucin release between cxperiments(rangc for unswollen 
acini: 721-2454 dpm/mg protein; for swollen acini: 6014357 dpm/mg 
protein), the data in each cxpcri-ncnt arc presented as sh basal (stim- 
ulittcd rclcasc/unstimulatcd rclc;.sc) x 100. Medium collected in the 
same way but not prccipitatcd was used to assay lactate dchydrogc- 
nasc rclcasc 0s previously dcscribcd [5]. 
Cyclic AMP was mcnsurcd after 5 min under cxpcrimcntal condi- 
tions, in aliquots ofacini suspensions (0.5 ml). rapidly froacn in liquid 
nitrogen, followed by the addition of an equal volume of 20% trichlo- 
roacctic acid and thawing on ice with thorough mixing. ATP was 
mcasurcd alicr 30 min tin&r cxpcrinicntal conditions in acini pcllcls 
(following ccntrifugation for IO s in an Eppcndorf Microfugc) mixed 
with 0.5 ml IO% trichloroacctic acid and Icft on ice for 20 min. In both 
c;lscs. cxtrids wcrc thoroughly mixed with 2 Vols of 0.5 M tri- 
~I-OC~yli~lllillC (Aldrich Chemicals) in 1.1.2~trichlorofluoroctbitnc 
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(BDH). centrifuged and the aqueous phase removed and stored at 
-20°C prior to assay. Cyclic AMP was assayed using a radioimmuno- 
assay kit (Amersham); ATP was assayed as previously described [3]. 
using a luminometer (Berthold Bio(umat LB95OOT). 
3. RESULTS 
3.1, Dose-response of car~amylcltoline stimulation of 
much release 
Fig. 1 shows that carbamylcholine stimulated mucin 
release from rat submandibular acini in a concentra- 
tion-dependent manner, with maximum stimulation at 
IO ,uM. The response was completely blocked by the 
cholinergic antagonist, atropine. Maximum stimulation 
of mucin secretion by the /3-adrenergic agonist isoprote- 
renal, included in the same experiments, was approx. 
twice that induced by the cholinergic agonist (Fig. 1). 
3.2. Actions of intracellular BAPTA 
Table I shows that unswollen and swollen submandi- 
bular acini have similar secretory responses to isoprote- 
renal. noradrenaline and carbamylcholine. Basal mucin 
release was unchanged following swelling in the pre- 
sence or absence of BAPTA (Unswollen: 1152 z! 15 1, 
11 = 12; Swollen: 1017 -C 64, n = 11; Swollen + BAPTA: 
1533 4 297. n = 12, dpm/mg protein). Isoproterenol and 
noradrenaline stimulated secretion to the same degree 
(approx. 3-fold) at a maximally effective concentration. 
in both swollen and unswollen cells. When directly com- 
pared in the same experiments carbamylcholine was less 
effective (Fig. l), although the data in Table 1 are not 
significantly different. Stimulation was unaffected by 
incubation of acini for I min at room temperature with 
10 mM BAPTA in isotonic medium. However, stimula- 
tion by all agonists was abolished by intracellular incor- 
poration of the calcium chelator BAPTA, at a concen- 
tration (10 mM) during swelling which would give an 
intracellular concentration of approx. 1 mM [l I] and 
inhibit a stimulated Ca!+ rise [12,13]. 
Table 11 shows the effects of swelling acini in the 
presence of BAPTA on two parameters of cell viability, 
ATP content and lactate dehydrogenase leakage. None 
of the secretagogues affected either parameter in swol- 
len or unswollen cells (data not shown). It can be seen 
that ATP concentrations and LDI-I leakage were not 
different in unswollen cells and cells swollen in the pre- 
sence of BAPTA. suggesting that inhibition of mucin 
release under these conditions is not due to a decrease 
in cell viability. 
The effect of the introduction of BAPTA into sub- 
mandibular acini, on the maximum stimuiation of cyclic 
AMP levels in response to the three agonists. was also 
investigated. Table III shows that isoproterenol and 
noradrenaline, but not carbachol. significantly stimula- 
ted cyclic AMP levels by approx. 6-fold, in agreement 
with previous data [.5.14]. Cyclic AMP formation in 
response to P-adrenergic stimulation was unaffected by 
the incorporation of BAPTA. 
4. DISCUSSION 
The hypotonic swelling method, developed using rat 
pancreatic [ 11,151 and submandibular [5] acini. has al- 
lowed the direct manipulation of concentrations of pu- 
tative intracellular regulators. by the incorporation of 
normally impermeant molecules such as calcium chela- 
tors and enzymes into intact cells [5.1 I]. It was previous- 
ly shown. in rat submandibular acini [5], that preventing 
the increase in cyclic AMP in response to isoproterenol, 
did not inhibit stimulation of mucin release. suggesting 
that other second messengers are involved in the cellular 
response to fi-adrcnergic stimulation. In the current 
study, two lines of evidence suggest that calcium is a 
primary regulator of mucin secretion: firstly carbamy!- 
choline, an agonist known to act via calcium to stimu- 
late protein secretion in pancreatic and parotid acinar 
cells (see [8]), also stimulated mucin secretion. Secondly, 
incorporation of the calcium chelator BAPTA into in- 
Table I 
Effects on mucin release of BAPTA introduced into rat submandibular acini by hypotonic swelling 
Experimental condition Mucin rclcasc (‘lo Control) 
f IO PM isoprotcrcnol IO jrM noradrcnalinc f IO PM carbamylcholinc 
- 
Unswollen 284.4 ?I 23.2 (8) 2Yl.l ?: 19.0 (7) 233,3 I! IS.0 (4) 
Unswollen + 10 mM BAPTA 245.2 + 21.1 (4) 243.4 z? IX.4 (3) ?I I .o ?: 5.8 (4) 
Swollen 28H.S ?I IX.3 (3) 251.5 ?I 2H.6 (4) 193.8 2 18.4 (4) 
Swollen + IO mM BAPTA YB.4 z!z 23.2 14)” 115.x 2 9.5 (4)* 106.2 i 2.6 (41. 
Af’tcr labclling wilh [‘I-llglucosaliiitic, isolatccl a&i wcrc incuhlttcd for I niin ;\I room tcmpcraturc in cithcr isotonic (unswollen) or hypotonic 
(swollen) buffer ?: IO mM BAPTA. Following w;lshiny ;~tlcl incuhatiou for IS min ;IL 37°C in KHB buffer, ;lcitli wcrc pl;~tcd ill the cx!,crinrcnt;ll 
conditions shown itbovc and incubil~cd for ;I further 30 min iIt 37’C for tncasurcmcnt of mucin reIc;Isc. I~csul~s nrc n%ci(l* :L. c’!IX tor the nunihcr 
of cxpcrinicnts wll0WIl in percnthcrcs (tlUpliCillC ineubiltionz per experinicnt). l *fW.tlOl : */WI.0 I for diffs’rciicr froni cquivalcirt au0llcn control. 
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Fig. 1. Effect of carbamylcholine on mucin secretion from rat submandibular acini. Acini were labelled with [“H]glucosamine and incubated for 
30 min at 37°C in the experimental conditions. for measurement of mucin release as described in section 2. Results are mean 2 SEM for the followilig 
numbers of experiments (duplicate incubations per experiment): (a) + carbamylcholine, II = 4-7: (0) -I- lO&vl carbamylcholine/30flM atropine, 
R = 3; (2) + IOpM isoproterenol. II = 8. 
Table II 
Effects of the introduction of BAPTA into isolated rat submandibular 
acini on ATP content and the lactate dehydrogcnase (LDH) leakage 
Experimental ATP content LDH leakage per 30 min 
conditicn (nmol/mg protein) (% total cell content) 
Unswollen 2.71 + 0.48 (12) 4.16 + 0.46 (16) 
Unswollen N.D. 3,62 t 0.44 (16) 
+ IO mM BAPTA 
Swollen N.D. 5.16 k 0.76 (lb) 
Swollen 2.38 5 0.62 (I I) 4.74 & 0.45 (16) 
+ IO mM BAPTA 
Isolated acini, incubated for I min ;~t room icmpcraturc in either 
isotonic (unswollen) or hypotonic (swallcn) buffer + IO mM BAPTA. 
wcrc washed. incubated for 30 min i\t 37°C in KHB buffer and placed 
in the cxpcrimcntal conditions shown for a further 30 min at 37OC. 
LDH rclcasc into the medium or cellular ATP content wcrc mcasurcd 
as dcscribcd in section 2. Kcsults arc mean t SEM for the number of 
cxpcrimcnts shown in parcnthcscs (duplicate incubations per cxpcri- 
rllCllll. 
tact, viable cells inhibited stimulation of mucin secre- 
tion by physiological neurotransmitters. 
The data (Fig. 1 and Table I) showing carbamylcho- 
line stimulation of mucin secretion are in agreement 
with those of others showing stimulation of sialic acid 
release from inract tissue fragments and [Vlglucosa- 
mine-labelled glycoproteins from isolated acinar cells 
[ 1,9] and suggest hat dissociated acinar-ductal complex 
preparations [2] might have lost cholinergic receptors, 
or the coupled response. The isolated acini preparations 
used in the present study have low (~5%) ductal conta- 
mination and 195% cell viability [3]. 
Introduction of the calcium chelator BAPTA into 
isolated submandibular acini not only inhibited stimu- 
lation of mucin secretion (Table I) by carbamylcholine, 
but also both noradrenaline and isoproterenol stimula- 
tion of mucin secretion. This is unlikely to be due to a 
non-specific effect of BAPTA or the swelling procedure. 
since cell viability was unaffected and manipulations 
which altered cyclic AMP levels did not affect mucin 
secretion responses [5]. That intracellular BAPTA did 
not inhibit the rise in cyclic AMP induced by isoproterc- 
not or noradrenaline (Table III) suggests that the mc- 
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Table III 
Effects of the inrroduc!ion of BAPTA into isolated rat submandibular 
acini on stimulation of cyclic AMP content 
Stimulus Cyclic AMP content (pmol/m_p protein) 
Unswollen Swollen 
+ 10 mM BAPTA 
None 15.26 2 1.69 15.03 f 3.50 
IO .uM isoproterenol 92.56 2 7.37 118.92 1 44.24 
IO PM noradrenaline 91.62 ?r 8.48 92.75 k 25.23 
IO ,uM carbamylcholine 22.61 k 4.43 20.89 2 4.78 
Isolated acini. incubated for I min at room tempcraturc in either 
isotonic (unswollen) or hypotonic (swollen) buffer 2 10 mM BAP’fA. 
were washed, incubated for I5 min at 37°C in KHB buffer and placed 
in rhe experimental conditions shown for a further 5 min at 37°C. 
Cellular cyclic AMP was measured as described in section 2. Results 
are mean t SEM for 3 cxpcriments (duplicate incubations per experi- 
mcnt). 
chanism by which &adrenergic agents stimulate secre- 
tion in exocrine epithelial cells is not solely through the 
action of cyclic AMP. This finding has relevance to the 
abnormalities in exocrine secretion seen in cystic fibro- 
sis [16]. Thus, intracellular BAPTA mimics the defective 
P-adrenergic stimulation of mucin secretion, with the 
normal maximal cyclic AMP rise characteristic of CF 
submandibular and other affected epithelial cells 
[17,18]. The present data suggest that modulation of 
Ca”’ signalling pathways in CF cells is likely to prove 
fruitful as a means of correcting the fundamental secre- 
tory defect in this disease. 
Since an intracellular Ca’- rise induced by ionophore 
A23187 did not trigger mucin secretion from rat sub- 
mandibular acini [7]. it is likely that physiological neuro- 
transmitters exert their actions by an interaction ofCa’- 
with other intracellular signals. Isoproterenol stimula- 
ted calcium mobilisation [3,19] and increased cytopla- 
smic free Ca?” concentrations in salivary acinar and 
canine tracheal cells [13,20-221. In addition, the intro- 
ductio)l of calcium chelators into rat submandibular 
acinar cells via a patch pipette, inhibited isoproterenol 
stimulation of whole-cell K’ and Cl- currents [23]. Acti- 
vators of protein kinasc C also increased mucin release 
1241. although /I-adrencrgic stimulation did not result in 
the activation of phosphoinositidase C as a route for 
dir;cylglyccrol production [6]. 
Thus, the data arc a direct demonstration that intra- 
cellular Ca”’ is csscntial for triggering mucin secretion 
by physiological stimuli acting via cholincrgic and p- 
adrcncrgic rcccptors. In addition, noradrcnelinc, the ac- 
tivity of which in stimulating mucin sccrction is not 
identical to th,lt of isoprotcrcnol in that it apparently 
has a non-a, non-/3 component to its action [3] was also 
blocked by chelation of intracellular Ca”. Although it 
is likely that secretion can be stimulated independently 
by the activation of protein kinase A or protein kinase 
C. the data suggest that during physiological stimula- 
tion. calcium acts in a common distal pathway in the 
stimulation of exocytosis. 
Ack,lo~c,/ec~~er?lerir~~ This work was supported by the Cystic Fibrosis 
Research Trust, UK. 
REFERENCES 
[I] Bogart. B.1. and Picarelli. J. (1978) Am. J. Physiol. 235. C256- 
C268. 
[2] Quissell. D.O. and Barzen. K.A. (1980) Am. J. Physio:. 238. 
C99-ClO6. 
[3] McPherson. MA. and Dormer. R.L. (1984) Biochem. J. 224. 
473-48 1. 
[4] Quissell. D.O.. Deisher. L.M. and Barzen. K.A. (1983) Am. J. 
Physiol. 245. G44-G53. 
IS] Bradbury. N.A., Dormer. R.L. and McPherson. M.A. (1989) 
Biochem. Biophys. Res. Commun. 161. 661-671. 
[6] Doughney. C., Dormer. R.L. and McPherson, M.A. (1987) Bio- 
chcm. J. 241, 705-709. 
[7] McPherson, M.A. and Dormer. R.L. (1984) Biochem. Sot. 
Trans. I?. 1091-1092. 
[8] Dormer, R.L,. Brown. G.R.. Doughncy. C. and McPherson, 
M.A. (1987) Biosci. Rep. 7. 333-344. 
[9] Fleming. N., Teitelman. M. and Sturgess. J. (1980) J. Morphol. 
[lOI 
[I II 
[I21 
U31 
[l41 
[I51 
[I61 
[I71 
[I81 
163. 219-230. 
Lowry. O.H.. Rosebrough. h’.J.. Farr. A.L. and Randall. R.J. 
(1951) J. Biol. Chem. 193. 265-275. 
Dormer. R.L. (1984) Biochem. Biophys. Res. Commun. 119. 
876-883. 
Ochs. D.L.. Korenbrot. J.I. and Williams. J.A. (1985) Am. J. 
Physiol. 249. G389-G398. 
Hclman. J.. Ambudkar. IS and Baum. B.J. (1987) Eur. J. Pharm. 
143. 65-72. 
Quisscll. D.O.. Barzen. K.A. and Lafferty. J.L.. (1981) Am. J. 
Physiol. 241. C76-C85. 
Dormer. R.L. (1983) Biosci. Rep. 3. 23.7.-240. 
McPherson. MA. and Dormer. R.L. (I 991) Mol. Aspects Med. 
12. I-81. 
McPherson. M.A.. Dormer. R.L.. Bradbury. N.A.. Dodge. J.A. 
and Goodchild. M.C. (1986) Lanccl ii, 1007-1008. 
McPherson. M,A.. Dormer, R.L.. Bradbury. N.A.. Shori. D.K. 
and Goodchild. M.C. (1988) in: Ccllul;lr and molecular hasis of 
cystic fibrosis (Mastella. G. and Quinton. P.. cds) 343-354. San 
Francisco Press. 
[ 191 Kaliagasunthcr;lln. 1’. and Randlc. f’.J. (1976) Biochcm. J. 160. 
547 -564. 
[ZO] Nauntoftc. B. and Dissing. S. (19X?) Am. J. Physiol. 253. G?YO-. 
G297. 
[Zl] McCmtl, J.D., Uhalla. R.C. and Welsh, M.J. (1980) Am. J. Phy- 
siol. 257, LI 16. L124. 
[22] McPherson. MA. Davies. I-l.. Lloyd Mills. C.. Shari. D.K.. 
Pcrcir;i. M.M.C.. Goodchild. M.C. a~1 Dormer. R.L. (1990) 
Pcdiatr. Pulmonol.. Suppl. 5. I30 131. 
1?3] C’OO~, D.I.. I)ay. M.:.. Champion, IM .P. i\Ild YOUII~, J.A. (I YHH) 
Plliigcrs Arch. 4 13. 67 76. 
1241 Fleming. N., Bilim. P.T. and Sliwinbki-Lis. I:. (lW6) IVltipcrs 
Arch. 406. 0 I I. 
